tion, these water quality measurements are being used to assess the ecologic health of Lake Lanier.
W ater quality monitoring is the cornerstone of population-higher than any other metropolitan area in lake management, yet the desire to collect addithe USA (Metro Atlanta Chamber of Commerce, 2000) . tional information is often frustrated by the lack of reThis ongoing development places enormous pressure sources to support the sampling effort. A well-designed on the water resources of the surrounding river basins, water-quality monitoring plan should preserve scarce and especially on Lake Lanier. Thus, in anticipation of resources by minimizing the redundancy of nearby monfurther urbanization within and around the watershed, itoring stations and the plethora of possible variables it is of the utmost importance to develop measures that monitored, while at the same time maximizing the inforare protective of the future water quality and ecological mation content of the collected data.
integrity of Lake Lanier. Determining the appropriate density of monitoring staBecause water quality degradation is a long-term contions and their sampling parameters and frequency recern of the communities surrounding the reservoir, Laquires balancing the marginal costs of the additional nier, its watershed, and the future management of assomonitoring infrastructure with the marginal value of the ciated nutrient and sediment loadings are focal issues acquired data. This article examines water quality data, of often contentious and acrimonious debate among all primarily data related to nutrients and algal biomass as the many stakeholders (Beck et al., 2002) . Rapid growth well as suspended solids and the metals Fe and Mn.
within the lake's watershed and beyond is placing new These data collected within Lake Lanier (a eutrophic lake burdens on the reservoir in the form of increased municin the southeastern USA) and its headwater tributaries ipal and industrial wastewater discharges, agricultural are characterized using multivariate statistical analysis waste inputs, and urban stormwater inflows. to identify a watershed-monitoring network that balThreats to lake water quality include both point and ances parsimony with robustness. Like other watersheds nonpoint sources of pollution (Hatcher, 1994 (Hatcher, , 1998 
SOUTHEASTERN PIEDMONT LAKE WATER QUALITY
systems, land application of dairy and poultry wastes, as well as stormwater runoff from agricultural and rapidly One of the important features of lake water quality is expanding urban sources.
the variation in oxygen concentration with depth (Stumm and Morgan, 1996) . Lake Lanier, like many other eutrophic lakes, has an oxic epilimnion during the summer
SOUTHEASTERN PIEDMONT RIVER
and an anoxic hypolimnion throughout most of the pe-
WATER QUALITY
riod of summer and fall stratification (Zeng and RasThe Southeastern Piedmont region of the USA, which mussen, 1999; . Thus, lake surface waters genincludes parts of northern Georgia, has a humid, warmerally have different geochemical characteristics than temperate climate (Breckle, 2002) . The region's abundeeper waters. Within the anoxic zone, the water is dant rainfall generates runoff which-when combined dominated by reduced forms of Mn, Fe, S, and ammowith the region's deeply weathered and highly erodible nium (NH 4 ), along with the accumulation of respiration soils-carries large amounts of sediments to receiving products, principally dissolved inorganic C (Stumm and waterbodies. These sediments consist of silt and clay Morgan, 1996) . along with abundant Fe and nutrients (Zeng and Ras- Phosphorus-iron cycling in lake systems usually causes mussen, 2001; Mayhew et al., 2001) .
Fe 3ϩ oxides to sorb soluble reactive P via ligand exchange Both observations and models of suspended sediment (Stumm and Morgan, 1996; Reynolds and Davies, 2000 (Frick et al., 1996; Holmand Morgan, 1996; Wetzel, 2000) . Traditional models beck-Pelham and Rasmussen, 1997; Zeng and Beck, of aquatic sediment P biogeochemistry ascribe P mobili-2001). Also, the land application of poultry and dairy zation to the release of soluble reactive phosphorus wastes containing organic forms of nutrients may reach (SRP) from Fe 3ϩ oxides as these compounds are reduced nearby rivers and streams during storm events. Increases and solubilized with the onset of low redox potentials in discharge are caused by stormwater runoff, which is in sediments, especially in conjunction with oxygen deassociated with nonpoint overland flow from urban and pletion from overlying waters (Mortimer, 1941 (Mortimer, , 1942 ; agricultural land uses (Frick et al., 1996) . Kamp-Nielsen, 1974; Wetzel, 1983; Caraco et al., 1991) . A second possible cause of water quality degradation Summer hypolimnetic anoxic conditions should prowithin the Lake Lanier watershed is discharge from mote SRP release from bed sediments, which is then municipal and industrial wastewater treatment facilities available for algal production in the photic zone during (Richman et al., 1998) . Discharges from point sourcessubsequent mixus. The scientific basis for this convenas well as from land-application facilities-tend to have tional paradigm of P cycling in lakes was developed with higher dissolved solids than natural surface waters (Kent data primarily from north-temperate systems (Hutchand Belitz, 2004) , presumably because of the accumuinson, 1957; Carlson, 1977) . lation of soluble wastes. Oxidized forms of N are more However, this and other recent cross-system comcommonly associated with point-source discharges and parisons in Lake Lanier and other southeastern lakes land application facilities (Kent and Belitz, 2004) , prefails to show a correlation between anoxia and sediment sumably because organic forms of N are converted to SRP release (Reckhow, 1988; Mayhew and Mayhew, oxidized forms as part of the waste-treatment process, 1992; Parker, 2004) . A hypothesis has recently been proand there are few natural sources of oxidized N species posed that attributes this lack of sediment SRP release (Frick et al., 1996) . Oxidation of organic matter in wasteto the Fe-rich clay soils that dominate Southeastern Piedwater treatment facilities also causes increases in dismont watersheds (Parker and Rasmussen, 2001; Parker, solved inorganic C and alkalinity (Richman et al., 1998) .
2004). Iron-rich sediments are observed in stormwater Ground water discharge to streams is the primary comrunoff, causing SRP sorption, a lowering of SRP during ponent of baseflow in streams not dominated by wasteanoxic conditions, and a reduction in SRP bioavailabilwater discharges. Ground water in the Georgia Piedmont ity following mixus (Stumm and Morgan, 1996; Parker and Rasmussen, 2001; Parker, 2004) . generally has lower suspended solids, dissolved organic C, and P concentrations (both total and soluble reactive),
In Georgia, economic activities and land-use changes affect the behavior of impoundment systems primarily and high alkalinity (Peters, 1994; Richter and Markewitz, 2001) . Low P concentrations in ground water are caused through the accumulation of silt-and clay-dominated sediments deriving from land-surface disturbances and by sorption to Fe-rich soils by ligand exchange (Stumm and Morgan, 1996; Reynolds and Davies, 2000) . Also, the accumulation of nutrients (Frick et al., 1996) . The observed record of Lake Lanier shows that concentrations Mn is elevated because it is generally the first metal to be solubilized as conditions become more reducing due of soluble species of N and P are significantly lower than those expected from currently estimated inputs of to organic matter decomposition (Stumm and Morgan, 1996) . Alkalinity is elevated due to biodegradation, while these materials to the lake . Hatcher (1994) estimated that 80 to 90% of the P load entering Lake dissolved organic matter is reduced due to clay sorption (Nelson et al., 1993) .
Lanier is probably sequestered by sediment deposits.
Lake Lanier appears to behave as a most effective Momen et al. (1999) used cluster analysis to segregate lake nitrate concentration data in lakes in the Adirontrap for sequestering nutrients and thereby lessening their potential impacts on biological cycles, presumably dack region of the northeastern USA. Momen and Zehr (1998) and Momen et al. (1999) also employed canonical due to their sorption onto mineral sediments, with subsequent deposition, and then burial. This hypothesis, rediscriminant analysis to segregate a wide range of lakes in the same region. The purpose of these studies was to garding the strong association between suspended Piedmont sediments and nutrients (especially P), has indeed evaluate the effects of acidic deposition and atmospheric nutrient (N) addition on lake ecosystems. These studies been substantiated through fertilization manipulations of an aquaculture pond, also located in the Georgia Piedare particularly important because of possible temporal changes in watershed disturbances (Momen et al., 1997 ; mont some 100 km from Lake Lanier (Parker, 2004) . Lawrence et al., 2004) . In this article, both factor analysis and cluster analysis
MULTIVARIATE STATISTICAL
are used to characterize the spatial and temporal vari-
APPROACHES
ability of Lake Lanier tributary and lake water quality. Because of over-sampling in space and time, the Lake Factor analysis and cluster analysis are multivariate Lanier dataset may contain redundancy in water quality statistical techniques that can be used to characterize information. The goal of this analysis is to identify a watershed water quality and assist in water quality monimethod that reduces the monitoring and assessment toring planning. Factor analysis is used to understand requirements of this lake system, yet still accurately the correlation structure of collected data and identify represents the system. The ability to reduce the samthe most important factors contributing to the data strucpling effort-yet to also obtain better information from ture (Schoer, 1985; Buckley and Winters, 1992 ; Padro this reduced effort-has important ramifications for et al., 1993) . In factor analysis, the relationship among both water quality monitoring and modeling. a number of observed quantitative variables are represented in terms of a few underlying, independent variables called factors, which may not be directly measured MATERIALS AND METHODS or even measurable.
Site Description Although not commonly used in water quality analysis, several studies have used factor analysis to identify Lake Lanier is situated in the headwaters of the Apalachiprimary sources of contamination. Borovec (1996) used cola-Chattahoochee-Flint river basin (Hydrologic Unit Code factor analysis to extract dominant types of heavy metals 03130001), which is shared by the three contiguous states of in river sediments. The study was able to identify three Alabama, Georgia, and Florida. The lake is a key resource in the proposed tri-state water compact designed to apportion parameter groups, which were then used to specify conbasin water use among the three states (Kundell, 1999) . Lake tamination sources. Factor analysis is also used to find Lanier is a major impoundment on the Chattahoochee River associations between parameters so that the number of about 80 km northeast of Atlanta, GA (Fig. 1) (Hartigan, 1975) . The objective of the lake shoreline are more intensively developed, and often cluster analysis is to identify the complex nature of multihave a disproportionate impact on lake water quality due to variate relationships (by searching for natural groupings their proximity to the lake.
or types) among the data under investigation, so as to foster further hypothesis development about the phenomWater Quality Sampling ena being studied. Cluster analysis imposes a characteristic structure on the data analysis for exploratory Water quality monitoring data were collected between purposes.
March 1996 and March 1997 as part of a lake monitoring pro- Colby (1993) used cluster analysis to objectively anagram funded by the Upper Chattahoochee Basin Group, an organization composed of cities and counties within the Lake lyze a large number of physical and chemical ground water (1999) also applied cluster analysis to identify distinct models for Lake Lanier. The selection of monitoring paramhydrochemical regimes and zones. Within the lake water eters and sites was determined based on the identification of quality literature, Salmaso (1996) applied cluster analyparticular water quality concerns, and selection of water qualsis in a phytoplankton community study to identify simiity models to address those concerns. lar algal groups. Yet water quality studies have not emTributary monitoring sites were located upstream of the ployed this approach to assist in the characterization of mouths of 10 significant tributaries to Lake Lanier and at 17 lake water quality and the design of water quality monipoints within the reservoir. Monitored parameters are provided in Table 1 and the locations of the sampling stations are toring programs. shown in Fig. 1 . Tributary water quality monitoring stations that employed during the Clean Lakes Study (Hatcher, 1994) . Lake monitoring stations were distributed in the lake embayinclude two major stations on the Chattahoochee and Chestatee Rivers plus eight minor stations on lesser tributaries. ments and main body for the purpose of providing a more robust evaluation of spatial variation in water quality. Lake The two major stations are located immediately downstream of U.S. Geological Survey (USGS) stream flow gauges on the sampling was conducted twice monthly during the algal growing season (April-October) and monthly during the nongrowChattahoochee River at Cornenia (02331600) and the Chestatee River near Dahlonega (02333500).
ing season. Nongrowing season samples were collected just below the lake surface and 1 m above the lake bottom and The selection of the 10 tributary sites was based largely on the 1991 USEPA's Clean Lakes Study (Hatcher, 1994) . The analyzed for the entire suite of lake water quality parameters. Growing-season samples were collected at approximately five selected tributary sites include the nine tributaries monitored during the Clean Lakes Study, plus Flat Creek North. This site depths at each station. Samples at the middle of the epilimnion and hypolimnion were analyzed for all lake parameters, while was added because of its significant drainage area and large area of row crop agriculture within the basin. Routine tributary the remaining three samples were analyzed for nutrients and Chlorophyll a, shown in Table 1 . monitoring was conducted twice monthly at the major stations and monthly at the minor stations. In addition, 12 elevated Quality assurance and control for this monitoring program was documented in a field sampling manual, which consisted of flow events were monitored during the 1-yr study period.
Lake water quality monitoring design generally mirrored elements designed to ensure consistency of sampling methods, to ignore (Browne, 1968; Linn, 1968; Tucker et al., 1969 Scree test (Cattell, 1966) variance explained by that factor. To obtain the proportion of variance in all variables accounted for by each factor, the squared factor loadings were summed for that factor and then quantify the reliability of the analytical system, and ensure divided by the number of variables, which is equivalent to the integrity of the resulting database (Limnotech, 1998). All dividing the factor's eigenvalue by the number of variables. methods conformed to USEPA and state protocols. Field duFactor rotation was used to facilitate interpretation by proplicate samples and field blanks were used to quantify meaviding a simpler factor structure. The factors were rotated so surement precision and to detect significant contamination.
that the observed axes were aligned with a dominant set of Both field duplicate and blank samples comprised from 5 to variables, which assisted in understanding how factors were 10% of the total number of samples collected. Laboratory related to the observed variables. While our study used the splits, blanks, spikes, control checks, and periodic reviews of varimax rotation, which is a standard rotation method (Kaiser, performance indices were performed (Limnotech, 1998) .
1958), other rotations have also been proposed, including quartimax, biquartimax, and equamax (Harman, 1967) .
Data Preprocessing
All monitored parameters listed in Table 1 are used in the Cluster Analysis multivariate statistical analysis for the purpose of examining Cluster analysis was first conducted to group sampling stawhether the sampling parameters can be reduced. Thus, samtions using Ward's method with Euclidean distance measure. pling dates with missing observations were excluded; only A representative group of homogeneous stations was then observations with all data records present were used. Observaselected to analyze temporal variability of water quality within tions with values below the detection limit were replaced with the group for the purpose of evaluating whether the sampling a value equal to one-half of the detection limit. Data were frequency can be reduced. We used cluster analysis to link obtained at different times and locations, as well as different variables in the configuration of a tree with different branchesdepths in the case of lake station data. For factor analysis, the branches that have linkages closer to each other indicate a entire pool of data was used. For cluster analysis, tributary stronger relationship among variables or clusters of variables. water quality data were organized by sampling station and
The dendrogram generated from tree clustering provides a usemonth, and lake water quality data were arranged by station, ful graphical tool for determining the number of clusters that month, and epilimnion and hypolimnion. For spatial data analdescribe underlying processes that lead to spatial variation. ysis, the data were aggregated over time. For temporal data analysis, the data were aggregated over space. A base-10 logarithmic transform was used to remove the heteroscedastic
RESULTS AND DISCUSSION
effect of a variation in measurement error with the magnitude Table 2 provides a statistical summary of the water of the observation and the transformed multi-dimensional data quality data for the parameters listed in Table 1 for were used in this multivariate analysis. The multivariate analysis was conducted using STATISTICA software (Statsoft, both tributary and within-lake data. Note that lake sta-1995).
tions, for every parameter, have lower mean and median concentrations than tributary stations. While a definitive conclusion of fate and transport of lake inputs is not Factor Analysis possible because samples were not taken at the same The initial step was the determination of the parameter frequency or times, it does suggest that a general attenucorrelation matrix, which is used to account for the degree of ation of water quality inputs is provided by the lake mutually shared variability between individual pairs of water system. This behavior is consistent with the conclusion quality parameters. The second step was the estimation of the eigenvalues and factor loadings for the correlation matrix.
reached by Hatcher (1994 Hatcher ( , 1998 , which showed that Ͼ90% of influent sediment and nutrients are sequesvides the eigenvalues and the explanatory capability for the Lake Lanier tributary water quality data. The first tered by the reservoir.
factor accounts for almost half the total variability, whereas subsequent factors assist in describing the water
Factor Analysis of Tributary Data
quality information, but with a rapid diminishment in Monthly rainfall and inflows to Lake Lanier are shown magnitude. in Fig. 2 
. Tributary inflows are characterized by higher
The first three factors each have an eigenvalue Ͼ1, winter and spring inflows due to greater precipitation and together account for three-quarters of the observed and lower evapotranspiration during these periods.
variation in water quality observations. Additional facWhile stormwater inflows are more likely during months tors provide marginally less explanatory capability and with greater precipitation, this can also be affected by were not examined further. According to the Kaiser criprecipitation intensities (Hatcher, 1994) .
terion, only the first three factors should be used beThe correlation matrix for the observed tributary water cause subsequent eigenvalues are all Ͻ1. The Scree test quality variables was first obtained. Many variables are positively correlated to each other, including strong correlations between nitrate plus nitrite (NO x ) and total nitrogen (TN), r ϭ 0.92; total organic carbon (TOC) and dissolved organic carbon (DOC), r ϭ 0.86; TOC and total Kjeldahl nitrogen (TKN), r ϭ 0.85; and total suspended solids (TSS) and total iron (TFe), r ϭ 0.80. Only a few of the variables are negatively correlated, the largest being between TSS and alkalinity (ALK), r ϭ Ϫ0.23. The significance of these correlations is small. While the adjusted correlation, which accounts for the sample size, could be used, the change will be small because of the large number of observations. These correlations were used to identify groups of highly correlated water quality variables. would also recommend the first three factors because additional analytes could still be sampled, especially the marginal contributions of subsequent eigenvalues are during periods when elevated TSS is observed. substantially smaller.
The second factor incorporates those water quality Factor loadings reflect the correlations between the variables that are characteristic of wastewater discharges, variables and the extracted factors. Factor loadings for including total dissolved solids (TDS), ALK, NO x , and the three retained eigenvalues are shown in Table 4 . Fac-TN. Total N is correlated with the second factor due to tor loadings are shown without rotation because many the large contribution of NO x to the calculated value of of the factors are aligned with one or the other axes. Fac-TN. In addition, several other variables load negatively tor loadings Ͼ0.5 are considered significant in this study.
on the second factor, including TSS and TFe, which is The first factor contains total and soluble reactive P consistent with discharges from these facilities (Rich-(TP and SRP, respectively), TKN, NH 4 , TN, TSS, TOC, man et al., 1998). DOC, TFe, and total Mn (TMn). Figure 3 shows direct It is noteworthy that TDS is a primary indicator of correlation between TSS and discharges from the USGS the second factor. Total dissolved solids are easily and stream flow gauges at the two largest tributaries during reliably measured in the field using specific conducthe water quality sampling periods. From the strong postance. Thus, elevated TDS measurements indicate the itive correlations it can be concluded stormwater runoff possibility of anomalous N concentrations. Clearly, samis the predominant cause of elevated concentrations of pling for elevated N species would be more effective water quality parameters correlated to the first factor.
when it is targeted to those samples where elevated This observation is consistent with the model proposed TDS is observed. by Holmbeck-Pelham and Rasmussen (1997) 
and Zeng
The third factor has lower factor loadings, the largest and .
positive values (0.41 and 0.40) being for TMn and ALK. Of the multiple parameters within this first group, More extreme negative values (Ϫ0.60 and Ϫ0.50) are TSS can be readily measured and used as a surrogate found for SRP and TP, respectively. The third factor is for the presence of the remaining parameters. Reducing consistent with a ground water signature because of the the number of analytes reduces the need for laboratory high P retention of Southeastern Piedmont soils along analysis of these parameters, and allows resources to with increased soil metabolism generating carbonate and be freed up for additional measurements elsewhere. The noncarbonate alkalinity (Richter and Markewitz, 2001) . Probably the most likely diagonstic indicator would be the hypothesis for P cycling in Lake Lanier proposed by Parker and Rasmussen (2001) and Parker (2004) . Unlike the first factor, which could be linked a priori
Factor Analysis of Lake Data
to readily known hydrogeophysical processes, the secLake water samples included all parameters collected ond and subsequent factors are less well defined. The during tributary sampling along with six additional second factor is strongly related to NO x , TN, and SRP. water quality variables, including Chlorophyll a (Cha), This factor may represent the relative abundance of total inorganic C (TIC), dissolved sulfide (DSu), sulfate limiting nutrients (Stumm and Morgan, 1996) . (SO 4 ), dissolved Fe (DFe), and dissolved Mn (DMn).
The third factor is strongly related to Cha, TP, TKN, Like the tributary data, many variables are positively TSS, and TOC. This appears to be a biologic productivcorrelated with each other, including strong correlations ity measure with perhaps organic forms of nutrients, between TMn and DMn, r ϭ 0.84; TMn and TFe, r ϭ and is consistent with the model developed by Mayhew 0.73; TFe and DFe, r ϭ 0.71; along with good correlaand Mayhew (1992) . It is interesting to note that the tions between TMn and TIC, r ϭ 0.66; TFe and NH 4 , eigenvalues for the second and third factors are approxir ϭ 0.63; NO x and TN, r ϭ 0.62. Only a few of the mately equal, 2.35 and 2.26, respectively, indicating that variables are negatively correlated, the largest being their relative effects are similar. between DMn with Cha, r ϭ Ϫ0.34; and SO 4 with TIC, Discriminating between lake water quality types is r ϭ Ϫ0.33. more difficult than for tributary flows. This is likely due Table 5 provides the eigenvalues and the explanatory to incomplete knowledge of lake biogeochemical procapability for the lake water quality data. The first factor cesses (Mayhew and Mayhew, 1992; Hatcher, 1994 ; Mayonly accounts for 27.2% of the total variability, while hew et al., 2001; Parker and Rasmussen, 2001) . Improvesubsequent factors again provide a diminishing ability ments in lake water quality monitoring programs will to predict water quality variation. The first six factors require a better understanding of the complex relationeach have an eigenvalue Ն1, yet the greatest improveships between algal blooms and nutrient availability. ment in predictive ability ends after the first three facClearly, additional biogeochemical research, monitortors. Using the Scree test result, only the first three ing, and modeling of nutrient cycling in Southeastern factors are used in the subsequent analysis.
Piedmont impoundments are needed. Factor loadings for the three retained eigenvalues are shown in Table 6 . Factor loadings are shown with
Cluster Analysis of Tributary Data
varimax rotation. The first factor is strongly related (i.e., absolute loading Ͼ0.6) to TFe, DFe, TMn, DMn, NH 4 , Factor analysis was used to combine water quality parameters into homogeneous groups; it is also possible and TIC. These factor loads are consistent with anoxic waters in the hypolimnetic zone (Zeng and Rasmussen, to evaluate whether water quality samples at various locations can be combined into homogeneous regions .
Of great significance is the fact that load for TP on so that the number of sampling sites can be reduced. Figure 5 presents the results of cluster analysis for water the first factor is smaller (0.25), while SRP does not load at all (Ϫ0.02). Figure 4 shows spatial and temporal quality monitoring data from the stations tributary to Lake Lanier. Two associations are evident. The associavariations of TFe and SRP in Lake Lanier. Higher TFe concentrations are observed in the hypolimnion during tion between East Fork Little River and Flat Creek North is most significant, with bonds to Wahoo Creek, the summer stratification period, while there is no apparent change of SRP concentrations in the hypolimand, to a lesser degree, Balus Creek, then to West Fork Little River. These are small tributaries with large nonnion and epilimnion. These results are consistent with point-source pollution inputs (Smith and Sellers, 1994;  ation is evident, which includes May through November 1996 except September. This was a relatively dry period Hatcher, 1994 Hatcher, , 1998 .
A second group of tributary water quality associations ( Fig. 2) and base flow could dominate tributary flows. The association among the relatively wet months is not was found between the Chestatee and Chattahoochee Rivers. These rivers are the two largest inputs to the ressignificant. March 1996 was the wettest month and has weak association with other months due to significant ervoir and these linkages appear to confirm the similarity in water quality between these two sources. There stormwater inflows. is a weak association between Limestone Creek, Six Mile Creek, and Flat Creek South, both mutual and with the Cluster Analysis of Lake Data other main groups. These three streams, especially Flat Figure 7 presents the cluster analysis results for lake Creek South, receive more point sources inputs than the water quality stations. The association between Stations 4 other tributaries (Hatcher, 1994 (Hatcher, , 1998 Richman et al., and 5 is most significant, with bonds to Stations 2 and 1998).
3, and to a lesser degree, Station 1. These stations are The identified group including sampling stations at located in the part of the lake nearest the dam and are Chattahoochee and Chestatee Rivers was selected to currently remote from most point and nonpoint source analyze temporal variations and to evaluate whether inputs. A second group of associations is between Stathe sampling frequency can be reduced. Figure 6 shows tions 8 and 9, associated with Station 6, then to Stations the cluster analysis result on sampling times. One associ-10 and 7. This association group is almost at the same level of significance as the first group. The second group above three groups, which means the water quality at this location is different. This result is in accordance with inflows, with elevated ALK and reduced TP and SRP tributary data analyses. Station 11 is near Flat Creek concentrations. South, which receives substantial point and nonpoint A monitoring program could use a smaller set of varisource inputs (Hatcher, 1994 (Hatcher, , 1998 Richman et al., 1998) .
ables to identify times for intensive sampling; TSS as The identified group-including lake sampling staan indicator of stormwater runoff, TDS as an indicator tions at the lowest part near the dam-was selected to of wastewater and land application discharges, and a analyze temporal variations of water quality within the combination of ALK and TP or SRP as an indicator of group because this group of stations has direct effects ground water inflows. This reduced set of parameters on downstream water quality. Figure 8 shows the cluster could be monitored over larger areas within the wateranalysis results on sampling times for both epilimnion shed to provide more detailed spatial information about and hypolimnion water quality observations. The results sources and processes. Additional, concomitant analysis indicate different associations among sampling times for for a broader suite of parameters should be performed at the epilimnion and hypolimnion. The only similar assolocation and times when elevated indicators of possible ciation for the epilimnion and hypolimnion is June, July, contamination (e.g., TDS or TSS) are observed (Richand August 1996. Within the epilimnion or hypolimnion, man et al., 1998). Stage-dependent sampling is recomthe associations among sampling times are not evident.
mended because the bulk of water quality variation These results suggest that the lake water quality had sigcan be attributed to stormwater (Holmbeck-Pelham and nificant temporal variations. Rasmussen, 1997; Zeng and Rasmussen, 2001 ). Sampling should be concomitant with discharge measurements over a wide range of discharges. Additional, low-flow
Recommended Monitoring Plan
sampling for nitrates should focus on those tributaries Factor analysis was used to identify sources of water where wastewater treatment and land application faciliquality inputs to Lake Lanier. The first three factors acties are located (Richman et al., 1998) . count for three-quarters of the total water quality variaFactor analysis of lake water quality observations tion in tributaries to Lake Lanier. The largest source yielded a more complex suite of processes. The first facof variation (46.4%) appears to be from water quality tor, which accounts for 27.2% of the total lake water parameters associated with stormwater inflows. Addiquality variability, appears to describe the anoxia associtional inputs from point sources appear in the second ated with lake stratification. Unlike other lake systems, factor, accounting for 20% of the total water quality SRP does not accumulate within Lake Lanier's anoxic variability. A final factor, accounting for 8.6% of the total zone (Zeng and Rasmussen, 1999) . This has a profound impact on P biogeochemical cycling in that algal blooms water quality variability, is attributed to ground water fail to occur following the fall mixus. A second lake key parameters and locations for consideration and sampling frequency as well. factor, which accounts for 12.3% of the total variability, appears to be related to nutrient abundance-NO x , TN, Factor analysis shows that tributary water quality data consists of three components (i.e., stormwater runoff, and SRP (indicators of lake eutrophication) load positively. A third lake factor, which accounts for 11.9% of municipal and industrial discharges, and ground water), which can be distinguished using TSS, TDS, and ALK ϩ the variation, is positively related to algal biomass (Cha and TOC) as well as TP, TKN, and TSS. To better under-SRP, respectively. Lake water quality characterization is more ambiguous than tributary water quality characterstand the complex biogeochemical cycling of this lake system, additional intensive lake monitoring without reization, but factor analysis indicates that anoxia associated with lake stratification is the largest source of lake ducing sampling parameters is suggested.
Cluster analysis was used to characterize the spatial water quality variation, followed by nutrient abundance, and finally by biomass abundance. Cluster analysis of spaand temporal variability of water quality data. The 10 tributaries to Lake Lanier that were monitored in this tial variations shows that the existing number of monitoring stations can be reduced from five tributary stastudy can be divided into five homogeneous groups. Our results suggest that one monitoring station should tions to one station in one case, and from six lake stations to one lake station in another. Cluster analysis of tembe situated on the largest tributary in the first group (Wahoo Creek) to track the behavior of those streams.
poral variability within the two largest tributaries suggests that the sampling frequency taken during low flow Notwithstanding the fact that the Chestatee and Chattahoochee Rivers have much in common, they should both months can be reduced. be monitored because they are the largest tributaries to Lake Lanier. Although the remaining three tributaries within the two largest tributaries suggests that samples taken during low flow months can be grouped together,
